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INTRODUCTION 

The Exxon C a t a l y t i c  Coal G a s i f i c a t i o n  Process(?) i s  based upon a new 
combination o f  process ing s teps which avoid thermodynamic c o n s t r a i n t s  i n -  
he ren t  i n  t h e  p rev ious  a r t .  
t h e  manner i n  which t h e  r e a c t o r  i s  i n t e g r a t e d  i n t o  t h e  o v e r a l l  process a r e  t h e  
keys t o  t h i s  concept. 
o f  a k i n e t i c  r e l a t i o n s h i p  f o r  c a t a l y t i c  g a s i f i c a t i o n  which can be used i n  
develop ing a model f o r  t h e  f l u i d  bed r e a c t o r  used i n  t h i s  process. Th is  model 
i s  needed t o  c o r r e l a t e  p i l o t  u n i t  convers ion da ta  and as a des ign t o o l  f o r  
commercial sca le  u n i t s .  Th i s  paper r e p o r t s  on t h e  work which cu lminated i n  
t h e  successful f o r m u l a t i o n  o f  t h e  requ i red  k i n e t i c  expression. 

t i o n ( 3  4 5) promote gas phase methanation equilibrium,(?,5J and m in im ize  
agglo&&ion o f  cak ing  c o a l s . ( l )  
a l k a l i  metal g a s i f i c a t i o n  c a t a l y s t  (K2CO3) w i t h  a novel process ing sequence 
which maximizes t h e  b e n e f i t s  o f  t h e  c a t a l y s t .  The process combines a r e l a -  
t i v e l y  low g a s i f i e r  temperature (13OOOF) and h i g h  pressure (500 p s i g )  w i th  t h e  
separa t i on  o f  syngas (CO + H2) f rom t h e  methane product. 
t o  t h e  g a s i f i e r  so t h a t  t h e  o n l y  ne t  products  f rom g a s i f i c a t i o n  a r e  CH4, C02, 
and small  q u a n t i t i e s  o f  H2S and NH3. 
r e a c t i o n  can be represented as f o l l o w s :  

The use of t h e  c a t a l y s t  i n  the  r e a c t i o n  s tep  and 

The goal o f  t h e  work repo r ted  here i s  t he  f o r m u l a t i o n  

A l k a l i  metal g a s i f i c a t i o n  c a t a l y s t s  increase t h e  r a t e  o f  steam g a s i f i c a -  

The c a t a l y t i c  g a s i f i c a t i o n  process uses an 

The syngas i s  r e c y c l e d  

The r e s u l t i n g  o v e r a l l  g a s i f i c a t i o n  

Coal + H20 + CH4 + C02 

Since t h i s  r e a c t i o n  i s  e s s e n t i a l l y  thermoneutral,  major  heat i n p u t  t o  t h e  gas i -  
f i e r  a t  h igh  temperature i s  no t  requi red.  
Gallagher(?), second law  c o n s t r a i n t s  on thermal e f f i c i e n c y  i nhe ren t  i n  o t h e r  
processes are avoided. 

pregnated w i t h  c a t a l y s t ,  d r i e d  and f e d  v i a  a lockhopper system t o  a f l u i d i z e d  
bed g a s i f i e r  which operates a t  about 130OoF and 500 ps ig.  
w i t h  a m ix tu re  o f  steam and recyc led  syngas. 
CH4, C02, CO, H2, and unconverted steam. 
gaseous products  a re  cooled and t h e  unconverted steam i s  condensed. 
u c t  gas i s  t r e a t e d  i n  a s e r i e s  o f  separa t i on  steps i n c l u d i n g  a c i d  gas scrubbing 
t o  remove CO2 and H2S, and cryogenic  f r a c t i o n a t i o n  t o  separate methane f rom 
syngas. 
a t  approx imate ly  15OoF above t h e  g a s i f i c a t i o n  temperature. 
no net heat r e q u i r e d  f o r  t h e  g a s i f i c a t i o n  reac t i ons ,  some small  amount o f  heat 
i n p u t  i s  requ i red  t o  heat  up t h e  feed coa l ,  t o  vapor ize res idua l  water, and t o  
p rov ide  f o r  g a s i f i e r  heat losses. 

Thus, as discussed by Nahas and 

A s i m p l i f i e d  f l o w  p l a n  f o r  t h e  process i s  shown i n  F igu re  1. Coal i s  im- 

The major  g a s i f i e r  e f f l u e n t s  a r e  
The coa l  i s  g a s i f i e d  

No t a r s  o r  o i l s  are produced. The 
The d r y  prod- 

The syngas i s  combined w i t h  feed steam and recyc led  t o  t h e  g a s i f i e r  
A l though t h e r e  i s  



Ash/char res idue  f r o m  t h e  g a s i f i c a t i o n  s tep  i s  sent  t o  a c a t a l y s t  recovery 

The recovered c a t a l y s t ,  a long wi th  some makeup 
u n i t  i n  which a l a r g e  f r a c t i o n  o f  t h e  c a t a l y s t  i s  leached f rom t h e  r e s i d u e  u s i n g  
coun te rcu r ren t  water  washing. 
c a t a l y s t ,  i s  re impregnated on t h e  coa l  t o  complete t h e  c a t a l y s t  recovery loop. 

EXPERIMENTAL 

Design o f  t h e  g a s i f i e r  f o r  t h i s  process r e q u i r e s  a q u a n t i t a t i v e  d e s c r i p t i o n  
o f  t h e  k i n e t i c s  o f  t h e  c a t a l y t i c  g a s i f i c a t i o n  reac t i on .  
were conducted i n  a f i x e d  bed r e a c t o r  t o  prov ide  t h e  necessary da ta  f o r  t h e  
development o f  t h e  r a t e  equat ion.  

Bench sca le  s tud ies  

Apparatus 

The h igh  pressure apparatus used i n  t h i s  s tudy i s  shown i n  F i g u r e  2. 
main components o f  t h e  system a r e  t h e  f i x e d  bed reac to r ,  water  pump and steam 
generat ion equipment, pressure and temperature c o n t r o l  systems, unreacted steam 
condenser, a gas chromatograph and a d r y  gas f l o w  measurement system. 
were inc luded f o r  t h e  o p t i o n a l  use o f  an i n e r t  o r  reac tan t  gas (such as H2 + CO) 
as a feed supplementing steam. 

A h igh  pressure pump was used t o  supply  H20 a t  a constant  r a t e  t o  t h e  steam 
generator  which cons is ted  o f  1 /4"  s t a i n l e s s  s t e e l  t u b i n g  c o i l e d  around t h e  f i x e d  
bed reac to r .  
i n  a s p l i t  tube furnace. The r e a c t o r  temperature was measured and c o n t r o l l e d  a t  
t h e  center  o f  t h e  bed o f  char. The product  gas stream, c o n s i s t i n g  p r i m a r i l y  o f  
H2, CO, CH4, C02 and unreacted H20, was f i l t e r e d  and then  depressur ized through 
t h e  pressure c o n t r o l  va lve.  The unreacted H20 was condensed and t h e  gas stream 
was f u r t h e r  d r i e d  by c a l c i u m  s u l f a t e .  
chromatograph sampling system, which prov ided automat ic  sampling a t  15-minute 
i n t e r v a l s .  
pu l se  generator. 
measure o f  t o t a l  gas volume produced. 

The 

P r o v i s i o n s  

Both t h e  steam generator  and t h e  r e a c t o r  were mounted v e r t i c a l l y  

The d r y  gas stream passed through a gas 

The d r y  gas f l o w  was measured by a wet t e s t  meter  connected t o  a 
The s i g n a l s  f rom t h e  pu lse  generator  were accumulated as a 

The f i x e d  bed r e a c t o r  was cons t ruc ted  f rom 1 - inch  Schedule 80 s t a i n l e s s  
s t e e l  p ipe and was approx imate ly  30 inches i n  l eng th .  
t o  a depth o f  15 i nches  b y  1/8- inch m u l l i t e  beads which supported t h e  bed o f  
char. 

The r e a c t o r  was f i l l e d  

Procedure 

Samples were prepared by soaking 30 t o  100 mesh I l l i n o i s  coa l  No. 6 i n  a 
s o l u t i o n  c o n t a i n i n g  t h e  d e s i r e d  weight  o f  c a t a l y s t ,  t y p i c a l l y  between 10 and 
20 gms K$O3/lOO gms o f  coa l  ( r e f e r r e d  t o  as 10 and 20% K2CO3). Normally, t h e  
weight  r a t i o  o f  water  t o  coal was s l i g h t l y  g r e a t e r  than one. The samples were 
then  d r i e d  ove rn igh t  i n  a vacuum oven. A scanning e l e c t r o n  microscope study 
showed a f a i r l y  even d i s p e r s i o n  o f  potassium throughout  t h e  coal p a r t i c l e .  
impregnated coal samples were then  d e v o l a t i l  i z e d  a t  atmospheric pressure f o r  
30 minutes i n  a m u f f l e  fu rnace  under a n i t r o g e n  atmosphere a t  1200°F. The 
samples were a l lowed t o  coo l  t o  room temperature and then  s to red  i n  b o t t l e s  
under n i t rogen.  

The 
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A r u n  was made by l o a d i n g  t h e  r e a c t o r  w i t h  a 20 gram char  sample. 
r e a c t o r  was purged w i t h  he l ium and t h e  temperature was r a i s e d  t o  t h e  des i red  
l e v e l .  A t  t h a t  p o i n t  t h e  pressure i n  t h e  r e a c t o r  was r a i s e d  t o  o p e r a t i n g  
c o n d i t i o n s  by manual ly  i n j e c t i n g  water  through t h e  pump. When t h e  run  pres- 
sure was achieved, t h e  pump was se t  i n  t h e  automat ic  mode. I f  syngas was 
used, t h e  supplementary gas va l ve  was a l s o  opened a t  t h e  s t a r t  o f  t h e  run. 
Steam and syngas ( i f  used) were then  fed  t o  t h e  reac to r .  A t  t h e  end of a ' run,  
t h e  feed was shut o f f  and t h e  u n i t  depressured. 

Ouring t h e  run, gas analyses and cumulat ive d r y  gas volumes were obtained. 
From t h i s  da ta  t h e  carbon g a s i f i e d  i s  ca l cu la ted .  Assuming t h a t  t h e  oxygen 
content  o f  t h e  char  i s  smal l  i n  r e l a t i o n  t o  t h e  oxygen content  o f  t he  steam 
fed, t h e  steam convers ion i s  obta ined f rom t h e  oxygen content  o f  t h e  d r y  
product  gases. 

Runs were made i n  t h e  f i x e d  bed r e a c t o r  wi th I l l i n o i s  coa l  ca ta l yzed  with 
10% and 20% K2CO3 w i t h  steam as t h e  g a s i f y i n g  medium. 
and 1300°F were used and pressures v a r i e d  f rom 0 t o  500 ps ig .  
ranged from 3 t o  100 gm/hr. Wi th  these cond i t i ons ,  steam convers ions f rom 
10% t o  80% and t o t a l  carbon conversions f rom 50% t o  100% were obtained. 
M a t e r i a l  balances on hydrogen were used t o  check t h e  consis tency o f  t h e  data. 
The balance c losu res  ranged f rom 100% t o  105% f o r  t y p i c a l  runs. 

The 

Temperatures o f  1200°F 
Steam f l o w s  

Resul ts  

Ouring t h e  runs i t  was observed t h a t  t h e  steam g a s i f i c a t i o n  r a t e  was in -  
dependent o f  pressure. The g a s i f i c a t i o n  r a t e  was found t o  i nc rease  wi th  
an i nc reas ing  r a t e  o f  steam f e d  t o  t h e  reac to r .  A d d i t i o n a l l y ,  a t  h i g h  steam 
f l o w  rates,  o r  low steam conversions, t h e  g a s i f i c a t i o n  r a t e  was d i r e c t l y  
p ropor t i ona l  t o  t h e  c a t a l y s t  loading.  One exp lana t ion  f o r  these observat ions 
i s  t h a t  t h e  k i n e t i c s  a re  c o n t r o l l e d  by a s t rong  product  i n h i b i t i o n .  Th is  
suggests t h a t  a k i n e t i c  express ion i n  t h e  c l a s s i c a l  Langmuir-Hinshelwood form 
may be used t o  f i t  t h e  data. It was f u r t h e r  seen t h a t  methane and carbon 
d i o x i d e  were i n  chemical e q u i l i b r i u m  w i t h  t h e  o t h e r  gas phase components f o r  
t h e  cond i t i ons  s tud ied,  i.e., t h e  methanation and s h i f t  r e a c t i o n s  a re  a t  
equ i l i b r i um.  

DATA INTERPRETATION 

Fixed Bed Reactor Model 

A mathematical model f o r  t h e  f i x e d  bed r e a c t o r  was developed based upon 
t h e  observed behavior .  P lug  f l o w  o f  gas through t h e  bed i s  assumed. It i s  a l s o  
assumed t h a t  s t rong  product  i n h i b i t i o n  r e s u l t s  i n  a h igh  r a t e  o f  g a s i f i c a t i o n  
over a ve ry  s h o r t  d i s t a n c e  o f  t h e  bed f o l l o w e d  by a slower r a t e  ove r  t h e  remain- 
i n g  l e n g t h  o f  t h e  bed where h ighe r  p a r t i a l  pressures o f  products  e x i s t .  Th is  
assumption leads t o  a s i m p l i f i e d  p i c t u r e  f o r  t h e  f i x e d  bed r e a c t o r  shown i n  
F igure 3. I n  t h i s  model t h e  r e a c t i o n  proceeds so as t o  form a sharp "carbon 
bu rno f f  f r o n t . "  I f  l i t t l e  o r  no carbon i s  present ,  g a s i f i c a t i o n  w i l l  no t  t ake  
place. Therefore, t h e  potassium c a t a l y s t  which i s  l e f t  behind t h i s  "bu rno f f  
f r o n t "  does no t  c o n t r i b u t e  t o  t h e  r e a c t i o n  ra te .  
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The equat ion d e s c r i b i n g  convers ion i n  t h e  p lug  f l o w  r e a c t o r  i s  

where 1 i s  t h e  r e a c t o r  volume, N&~J i s  t h e  molar  r a t e  o f  steam f e d  t o  t h e  

reac to r ,  r G  i s  t h e  mo la r  r a t e  o f  t h e  carbon-steam g a s i f i c a t i o n  r e a c t i o n  pe r  
u n i t  volume and 5 i s  t h e  ex ten t  o f  r e a c t i o n  de f i ned  as moles carbon g a s i f i e d  
pe r  mole steam fed. 
between t h e  carbon remain ing i n  t h e  bed and t h e  e f f e c t i v e  f i x e d  bed r e a c t o r  
v o l  ume, 

- 

The sharp b u r n o f f  f r o n t  model p rov ides  a r e l a t i o n s h i p  

nc = Cc V (2 )  

where nc i s  t h e  instantaneous moles o f  carbon i n  t h e  bed, 1 i s  t h e  e f f e c t i v e  
reac to rvo lume,  and Cc i s  t he  p r o p o r t i o n a l i t y  cons tan t  w i t h  t h e  dimension 
moles carbon pe r  u n i r v o l u m e .  
a va lue o f  approx imate ly  0.045 gmole/cc. 
Equat ion (1 )  prov ides  

Based upon i n i t i a l  bed c o n d i t i o n s  Cc w i l l  have 
S u b s t i t u t i o n  o f  E q u a t i o n ( 2 )  i n t o  

T h i s  model may now be used f o r  t h e  i d e n t i f i c a t i o n  o f  acceptable forms f o r  t h e  
ra te ,  r G ,  and t o  o b t a i n  bes t  f i t  values f o r  t h e  parameters i n  these expressions. - 

A Langmuir-Hinshelwood t y p e  express ion f o r  heterogeneous c a t a l y t i c  k i n e t i c s  
as appl ied t o  t h e  carbon-steam r e a c t i o n  may be w r i t t e n  i n  t h e  genera l i zed  
form. 

where pHpO, pco, w, e t c .  rep resen t  t h e  p a r t i a l  pressures o f  these 
components, k i s  t h e  k i n e t i c  r a t e  constant  f o r  t h e  carbon-steam reac t i on ,  KG 
- -  

- 
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i s  t h e  e q u i l i b r i u m  constant  f o r  t h i s  reac t i on ,  and t h e  b ' s  rep resen t  t h e  adsorp- 
t i o n  constants, no more than  f o u r  o f  which w i l l  be a l lowed t o  be nonzero 
i n  any one model be ing tested.  

Equation (4 )  when s u b s t i t u t e d  i n t o  Equat ion (3 )  g i ves  

where t h e  r e a c t i o n  d r i v i n g  f o r c e  term i n  t h e  denominator o f  each o f  t h e  i n t e g r a l s  
i s  g iven by 

For a g i ven  conversion,the s h i f t  and methanation e q u i l i b r i u m  r e l a t i o n s h i p s  
a r e  s u f f i c i e n t  t o  c a l c u l a t e  t h e  p a r t i a l  pressures o f  a l l  components (He ,  CO, 
CH4, CO2, H20) i n  t h e  gas phase. 
mental values f o r  x, t h e  p a r t i a l  pressures were accu ra te l y  mapped ove r  a range 
o f  conversions. Tf i is  needed t o  be done o n l y  once. These p a r t i a l  pressures were 
then  s u b s t i t u t e d  as r e q u i r e d  i n t o  t h e  expressions under t h e  i n t e g r a l s  shown i n  
Equat ion (5). 
t hen  obta ined by a Simpson's r u l e  numerical i n t e g r a t i o n  o f  t h e  express ion under 
t h e  i n t e g r a l s .  

above were used t o  c a l c u l a t e  and t a b u l a t e  conversion, x, moles carbon g a s i f i e d  
p e r  mole steam f e d  as a f u n c t i o n  o f  ho ld ing  t ime,  2, moles instantaneous bed 
carbon per  molar  steam f l o w  r a t e .  
bed potassium c a t a l y s t  g a s i f i c a t i o n  requ i res  t h a t  t h e  data f o r  5 as a f u n c t i o n  
o f  e c o l l e c t e d  f o r  d i f f e r e n t  steam f l o w  r a t e s  must a l l  mesh t o g e t h e r  t o  g i v e  
a s i n g l e  curve f o r  any f i x e d  temperature, pressure, and c a t a l y s t  l oad ing .  
A p l o t  o f  data c o l l e c t e d  f o r  steam g a s i f i c a t i o n  over a range o f  steam f l o w r a t e s  
a t  1300°F, 500 p s i g  and 20% K2CO3 on I l l i n o i s  coal  i s  prov ided i n  F i g u r e  4. 
Fo r  each experimental r u n  t h e  i n i t i a l  da ta  p o i n t s  a re  a t  t h e  r i g h t  and move t o  
t h e  l e f t  as carbon i s  depleted f rom t h e  bed. The f l a t  reg ion  i n  t h e  data a t  t h e  
upper r i g h t  o f  F igu re  4 represents  the  e q u i l i b r i u m  l i m i t  f o r  t h e  carbon steam 
react ion.  This  l i m i t  corresponds t o  a carbon a c t i v i t y  o f  about t w i c e  t h a t  
o f  6-graphite. The r e g i o n  a t  t h e  lower  l e f t  o f  t he  diagram shows t h e  carbon 
conversions l i m i t e d  by t h e  r a t e  o f  reac t i on .  The data p o i n t s  a t  t h e  d i f f e r e n t  
steam r a t e s  over lap i n  t h e  requ i red  manner over t h r e e  orders o f  magnitude o f  
residence t ime. Thus, t h e  experimental observat ions are cons is ten t  w i t h  t h e  
pos tu la ted  model. 
o f  t h e  r e a c t i o n  data. 

Using a c l o s e l y  spaced s e r i e s  o f  i nc re -  

The va lues o f  these i n t e g r a l s  f o r  any s p e c i f i e d  convers ion a re  

The data c o l l e c t e d  i n  t h e  f i x e d  bed steam g a s i f i c a t i o n  experiments descr ibed 

The "carbon b u r n o f f  f r o n t "  model f o r  f i x e d  

This  r e a c t o r  model was then used as t h e  bas i s  f o r  t h e  ana lys i s  
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Parameter Es t ima t ion  

of Equation (5)  were es t ima ted  by reg ress ion  analys is .  
used cons is ted  o f  t h e  r e s u l t s  o f  t h e  steam g a s i f i c a t i o n  runs a t  500 p s i g  desc r ibed  
above as w e l l  as runs a t  0, 100 and 250 p s i g  a t  steam r a t e s  o f  6, 12 and 
24 gm HzO/hr. 
t h e  same t h r e e  steam r a t e s .  
second was a t  1300°F and 10% K2CO3. 
assess t h e  e f f e c t  o f  temperature and c a t a l y s t  l oad ing  on g a s i f i c a t i o n  rate.  

constants i n  Equat ion (5).  These models cons is ted  o f  a l l  combinations o f  f rom 
one , to  fou r  terms i n v o l v i n g  t h e  p a r t i a l  pressures o f  H2, CO, and H20 and t h e  
cross products o f  t h e  p a r t i a l  pressures o f  H2 and CO, and H2 and H20. 
Those which gave n e g a t i v e  c o e f f i c i e n t s  on reg ress ion  were d iscarded as be ing  
p h y s i c a l l y  unreal .  
an i n f i n i t e  r a t e  i n  t h e  l i m i t  o f  zero steam conversion. The t h r e e  models 
which remained a r e  

The c o e f f i c i e n t s  i n  f r o n t  o f  t h e  i n t e g r a l s  i n  a s e r i e s  o f  p a r t i c u l a r  forms 
The reg ress ion  data base 

Two a d d i t i o n a l  s e r i e s  o f  runs were conducted a t  500 p s i g  and 
The f i r s t  was a t  1200°F and 20% K2CO3 and t h e  

The da ta  from these runs were used t o  

Numerous k i n e t i c  models were formulated and t e s t e d  b y  reg ress ion  f o r  t h e  

Four  a d d i t i o n a l  models were d iscarded because they  gave 

(7) 

A l l  are independent o f  pressure. 
regress ion l i n e  f o r  t hese  a re  A: 0.0556, 6: 0.0519, and C: 0.0562. Since Model 
B has a sma l le r  v a r i a n c e  than  A o r  C, i t  was chosen as t h e  bas i s  f o r  f u r t h e r  
analys is .  
between these and p o s s i b l y  o t h e r  k i n e t i c  expressions. The c o e f f i c i e n t s  
obtained by reg ress ion  o f  Model B are 

The var iance o f  the  r e s i d u a l s  around t h e  

However, f u r t h e r  s t u d i e s  should be done t o  b e t t e r  d i s c r i m i n a t e  

C 
2 = 1.603 hr 
k 

- =  blCc 0.3371 hr /a tm 
k 

- =  b2Cc 0.0954 h r  
k 

94 



These c o e f f i c i e n t s  were u s e d . i n  Equat ion ( 5 )  t o  compute t h e  va lues o f  e re -  
q u i r e d  t o  achieve t h e  va r ious  measured convers ion l e v e l s .  These ca lcuTated 
va lues a re  compared t o  t h e  actual  h o l d i n g  t imes  i n  F igu re  5,. 
s c a t t e r  t o  t h e  data, i t  i s  seen t h a t . t h e  model p rov ides  a reasonable f i t  ove r  
t h e  broad range o f  pressures (0-500 p s i g )  and f l o w r a t e s  (3-100 gm/hr) cons idered.  

Using t h e  approximate va lue o f  C c  = 0.045 gmole/cc, t h e  va lues f o r  t h e  

While t h e r e  i s  

parameters a t  1300°F and 20% K2CO3 load ingmay  be expressed as 

k = 0.0281 a 
bl = 0.210 atm-’ 

b2 = 0.0595 

h r - c c  

I t was found by comparing t h e  1200°F and 1300°F da ta  t h a t  t h e  r a t e  constant ,  k, 
has an a c t i v a t i o n  energy o f  30 kcal/gmole i n  t h e  Arrhenius expression. 
more, i t s  va lue a t  t h e  10% KzCO3 l o a d i n g  was approx imate ly  h a l f  t h a t  a t  t h e  
20% K2CO3 l e v e l .  

Fu r the r -  

Hence, w i t h i n  t h i s  range k may be expressed as 

k = koCK exp(- E/RT). (10) 

where ko i s  t h e  frequency f a c t o r ,  CK i s  t h e  moles o f  c a t a l y t i c a l l y  a c t i v e  
potasslum pe r  u n i t  volume, i s  th-e-activation energy, i s  t h e  u n i v e r s a l  gas 
constant  and T i s  t h e  abso lu te  temperature. 
t h e  va lue o f  TK f o r  t h e  f i x e d  bed o f  char  i s  t y p i c a l l y  

For  20% KzCO3 on I l l i n o i s  coal  

- 

CK = 0.0021 gmole/cc 

On t h i s  bas i s  t h e  va lue o f  t h e  frequency f a c t o r  may be computed as 

7 ko = 6.80 X 10 gmole C/hr.gmole K 

f o r  

E = 30 kcal/gmole. 

The r a t i o  o f  h o l d i n g  t imes  necessary t o  a t t a i n  a g i v e n  convers ion  l e v e l ,  
- x, a t  two d i f f e r e n t  temperatures and c a t a l y s t  l e v e l s  i s  g i ven  by 
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T h i s  assumes t h a t  t h e  temperature d i f f e r e n c e  does not  
e q u i l i b r i u m  calcu!,at ion f o r  t h e  p a r t i a l  pres;ur$s. 
d e f i n i t i o n  o f  an e q u i v a l e n t  res idence time, g , which can be used t o  
combine daia c o l l e c t e d  a t  d i f f e r e n t  temperature2 and c a t a l y s t  l e v e l s .  
q u a n t i t y 2  i s  d e f i n e d  as t h e  h o l d i n g  t i m e  a t  _I and CK* which w i l l  
g i v e  t h e  same convers ion  as t h a t  obta ined w i t h  a h o l d i n g  t ime 2 a t  temperature' 
T and c a t a l y s t  c o n c e n t r a t i o n  CK. S p e c i f i c a l l y ,  

s i g n i f i c a n t l y  a f f e c t  t h e  
Equation (11) a l l ows  t h e  

The 

- - 

e* = e - cK e x p [ - k ( +  - k)] 
c; 

This r e l a t i o n s h i p  was 
r e a c t i o n  da ta  c o l l e c t e d  a t  
t h e  data base c o l l e c t e d  a t  

t e s t e d  f o r  i t s  a b i l i t y  t o  c o r r e l a t e  500 p s i g  f i x e d  bed 
10% K2C03-1300"F and 20% K2C03-12OO0F w i t h  
20% K2C03-1300°F. The r e s u l t  i s  g i ven  by t h e  

d a t a  po in ts  shown i n  F i g u r e  6 where conversion, x, i s  p l o t t e d  as a f u n c t i o n  
equ iva len t  res idence t ime ,  g*, w i t h  a l l  data ad jus ted  i f  needed t o  1300°F and 20% 
K2CO3. It i s  seen t h a t  t h e  da ta  appear u n i f o r m l y  c o r r e l a t e d  by t h i s  expression. 

Genera l ized F i x e d  Bed Model 

The above k i n e t i c  r e l a t i o n s h i p s  apply  t o  a pure steam feed. I n  o rde r  t o  
a p p l y  them t o  t h e  syn thes i s  gas r e c y c l e  case, t hey  must be genera l i zed  f o r  
mixed gas i npu t  t o  t h e  f i x e d  bed. This  may be done by w r i t i n g  t h e  d i f f e r e n t i a l  
equations d e s c r i b i n g  t h e  molar  f l o w  o f  each molecular  species through t h e  bed 
and numer ica l ly  i n t e g r a t i n g  these over  t h e  e f f e c t i v e  volume. These equat ions 
a r e  

(13) - = A (-3 rM + r s  + r G )  
d NH2 

dz 

- = A (-rM - r s  + r G )  
d NCO 

dz 

- = A ' S  
d NC02 

dz  

(14) 

where N i  i s  t h e  mo la r  f low r a t e  o f  component I, r i s  t h e  d i s tance  down t h e  
bed, A T s  t h e  c ross -sec t i ona l  area o f  t h e  bed, and q. r s  and r G  a r e  t h e  - -  - 
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r a t e s  of t he  methanation, s h i f t ,  and carbon-steam g a s i f i c a t i o n  r e a c t i o n s  re-  
s p e c t i v e l y  expressed as moles p e r  u n i t  r e a c t o r  volume pe r  u n i t  time. 

r e a c t i o n s  a re  
The r e a c t i o n  r a t e  express ions used f o r  t h e  s h i f t  and methanat ion 

r S  = kS (PCO PHzO - PCOz.PHz/KS) (18) 

(19) 
3 

r M  = kM (PCO PH2 - PCH4 PH201K) 

where k-j and k# a re  t h e  r e s p e c t i v e  r a t e  constants  and KS and KM a r e  t h e  

r e s p e c t i v e  e q u i l i b r i u m  constants .  
b y  ass ign ing a r b i t r a r i l y  l a r g e  r a t e  constants. 
used f o r  t he  potassium ca ta l yzed  carbon-steam r e a c t i o n  i s  ob ta ined  by com- 
b i n i n g  Equations (8) and (10) 

- - - - 
These reac t i ons  may be f o r c e d  t o  e q u i l i b r i u m  

The r e a c t i o n  r a t e  exp ress ion  

The o rd ina ry  d i f f e r e n t i a l  Equat ions (13)- (17)  were numer i ca l l y  i n t e g r a t e d  
b y  a Runga-Kutta-Fehlberg procedure f o r  a s e r i e s  o f  cases c o n s i d e r i n g  pure 
steam f e d  t o  a f i x e d  bed r e a c t o r  a t  500 ps ig,  1300°F and CK = .0021 gmoles potassium 
pe r  cc (corresponding t o  20% K2CO3 on I l l i n o i s  coa l ) .  
was determined a t  va r ious  d is tances,  z, down t h e  bed f rom 

Thrconvers ion ,  E,  

NCO + NCH4 + NC02 
x =  

The res idence t i m e  corresponding t o  each convers ion was computed as 

Cc A z 

NH20 

e = -  
0 

The i n t e g r a t i o n s  performed i n  t h i s  manner f o r  va r ious  steam f l o w r a t e s  overlapped 
t o  g i v e  t h e  s i n g l e  c o r r e l a t i o n  l i n e  shown i n  F igu re  6. 
t o  p rov ide  a reasonable f i t t o  t h e  data. 

Th is  l i n e  i s  seen 

Model V e r i f i c a t i o n  Experiments 

To t e s t  t h e  p r e d i c t i v e  c a p a b i l i t y  o f  t h e  k i n e t i c  model w i th  a mixed gas 
feed, two f i x e d  bed g a s i f i c a t i o n  runs were made w i t h  steam p l u s  syngas (H2 + CO) 
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a t  1300OF. 
second was made w i t h  15 l i t e r  pe r  hour syngas a t  100 ps ig .  
made w i t h  12 grams pe r  hour  steam feed. 
was 75 mole % H2 and 25 mole % CO. 
was computed as 

One r u n  was made w i t h  5 l i t e r  per  hour syngas a t  500 ps ig .  The 
Both runs were 

I n  b o t h  cases the,syngas composi t ion 
I n  these experiments t h e  conversion, 5, 

0 

NCO + NCH4 + NC02 - NCO 
x =  

0 

NH20 

0 

where NCO i s  t h e  mo la r  r a t e  o f  carbon monoxide f e d  t o  t h e  reac to r .  
reside= t i m e  i s  computed by Equat ion (22). A comparison between t h e  p r e d i c t e d  
and experimental convers ions f o r  these two experiments i s  shown i n  F i g u r e  7. 
Good agreement i s  observed i n  t h e  500 p s i g  case. 
a r e  e s s e n t i a l l y  t h e  same as observed above f o r  pure steam feed. A t  100 p s i g  w i t h  
h i g h e r  syngas f l ow ,  t h e  d a t a  show a lower  convers ion than  a t  500 p s i g  f o r  t h e  
same residence t ime. I t i s  a l s o  seen t h a t  t h e  model underp red ic t s  t h e  a c t u a l  
conversion. Th is  may be due, i n  p a r t ,  t o  t h e  use o f  parameters which a r e  
d e r i v e d  from pure steam data.  

The 

The convers ions ob ta ined  here 

CONCLUSIONS 

An emp i r i ca l  Langmuir-Hinshelwood k i n e t i c  model f o r  t h e  potassium ca ta l yzed  
g a s i f i c a t i o n  o f  I l l i n o i s  #6 b i tuminous coal  has been developed. Th is  model 
p rov ides  a good f i t  t o  f i x e d  bed r e a c t o r  da ta  over pressures rang ing  f rom 
atmospheric t o  500 p s i g  and a 3 0 - f o l d  range o f  steam f l o w  ra tes .  It a l s o  
p r e d i c t s  convers ions f o r  t h e  temperature range 120OoF t o  130OOF and c a t a l y s t  
l o a d i n g s  f rom 0.1 t o  0.2 grams K2CO3 pe r  gram o f  coal .  
l e v e l s  examined, t h e  g a s i f i c a t i o n  r a t e  was p r o p o r t i o n a l  t o  t h e  amount o f  c a t a l y s t  
present .  A d d i t i o n a l  s t u d i e s  need t o  be performed over a broader  range o f  
c a t a l y s t  l oad ings  t o  determine t h e  l i m i t s  o f  t h i s  r e l a t i o n s h i p .  It was a l s o  
shown t h a t  these k i n e t i c s  can be a p p l i e d  t o  p r e d i c t  t rends  i n  convers ion f o r  
H20, H2 and CO mixed gas feeds. 

c a p a b i l i t i e s  i n  t h e  range o f  i n t e r e s t .  
d i r e c t l y  i n  t h e  development o f  models f o r  f l u i d  bed g a s i f i c a t i o n  reac to rs .  
Thus, the goal f o r  t h i s  s tudy  has been achieved. Future work w i l l  be d i r e c t e d  
toward fo rmu la t i ng  a f l u i d  bed r e a c t o r  model. 

F o r  t h e  c a t a l y s t  

The k i n e t i c  exp ress ion  obta ined has been shown t o  have adequate p r e d i c t i v e  
It i s  i n  a form which can be used 
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Nomenclature 

A cross-sectional area of reactor 

b 

Cc 

CK 

E 

k r a t e  constant f o r  carbon-steam reaction 

k o  frequency f ac to r  i n  Arrhenius expression f o r  carbon-steam 
reaction r a t e  constant 

kM r a t e  constant f o r  methanation reaction 

kS r a t e  constant f o r  s h i f t  reaction 

KG equilibrium constant f o r  carbon-steam reaction, atm 

K M  equilibrium constant f o r  methanation reaction, atmm2 

KS equilibrium constant f o r  s h i f t  reaction 

N i  molar flow rate of  component 1 
NO molar flow r a t e  of component 1 fed t o  reactor 

i 

nc moles carbon ( t o t a l  in reac tor )  

pi par t ia l  pressure of component L, atm 

R universal gas constant 

RG 

rG 

rM 

rs 
V volume of fixed bed reactor 

x 

z 
e 

adsorption constant in Langmuir-Hinshelwood r a t e  expression 

carbon concentration, moles C per u n i t  reactor volume 

potassium concentration, moles K per unit  reactor volume 

ac t iva t ion  energy in Arrhenius expression f o r  carbon-steam 
reaction r a t e  constant 

driving force f o r  carbon-steam reaction, see Equation ( 6 )  

molar r a t e  of carbon-steam reaction per u n i t  reactor volume 

molar r a t e  of methanation reaction per un i t  reactor volume 

molar r a t e  of s h i f t  reaction per un i t  reactor volume 

extent of reaction, moles carbon reacted per mole H20 fed 

distance from s ta r t  of fixed bed reactor 

residence time in fixed bed, moles bed carbon-hr/mole H20 fed 
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SUPPLEMENTARY 

BUBBLER 

LEGEND: 
T I  =Temperature indicator 
TIC =Temperature Indicator - Controllei 
PRC = Pressure Recorder - Controller 
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